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Abstract
Background: An increasing number of children are exposed to road traffic noise levels that may lead to adverse
effects on health and daily functioning. Childhood is a period of intense growth and brain maturation, and children
may therefore be especially vulnerable to road traffic noise. The objective of the present study was to examine
whether road traffic noise was associated with reported inattention symptoms in children, and whether this association
was mediated by sleep duration.
Methods: This study was based on the Norwegian Mother and Child Cohort Study conducted by the Norwegian
Institute of Public Health. Parental reports of children’s inattention at age 8 were linked to modelled levels of residential
road traffic noise. We investigated the association between inattention and noise exposure during pregnancy
(n = 1934), noise exposure averaged over 5 years (age 3 to 8 years; n = 1384) and noise exposure at age
8 years (n = 1384), using fractional logit response models. The participants were children from Oslo, Norway.
Results: An association with inattention at age 8 years was found for road traffic noise exposure at age
8 years (coef = .0083, CI = [.0012, .0154]; 1.2% point increase in inattention score per 10 dB increase in noise
level), road traffic noise exposure average for the last 5 years (coef = .0090, CI = [.0016, .0164]; 1.3% point
increase/10 dB), and for pregnancy road traffic noise exposure for boys (coef = .0091, CI = [.0010, .0171]), but
not girls (coef = −.0021, CI = [−.0094, .0053]). Criteria for doing mediation analyses were not fulfilled.
Conclusion: Results indicate that road traffic noise has a negative impact on children’s inattention. We found
no mediation by sleep duration.
Keywords: Road traffic noise, Inattention, Children, Norwegian mother and child cohort study
Background
About 40% of EU inhabitants are exposed to road traffic
noise levels likely to be harmful to health, and the pro-
portion is expected to increase [1, 2]. Observational and
experimental studies on adults have shown associations
between road traffic noise and sleep disturbance, annoy-
ance, cardiovascular disease [3–6]. Although considered
a vulnerable group [6], less research has been done on
children. Some studies on noise exposure in children
have found increases in blood pressure, stress, annoy-
ance, hyperactivity and behavior difficulties [7–11], and
there is some evidence for associations with impaired
sleep [12–14]. One of the most robust findings is the
association between traffic noise at school and children’s
cognition, particularly memory and reading [11, 15]. In
addition to findings from cross-sectional studies, associ-
ations between traffic noise and cognition have been
found in a naturalistic experiment by [16]. When the old
Munich airport closed and the new opened, the children
near the old airport improved long-term memory, short-
term memory and reading, whereas these skills were im-
paired for children living close to the new airport.
Attention is an important part of cognition, since it
determines what information that reaches working
memory, where information is evaluated and decisions
made [17]. Inattention, as reported by teachers and par-
ents using the criteria for attention-deficit/hyperactivity
disorder, has been strongly associated with reading flu-
ency and reading comprehension, writing, mathematics
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and exam scores [18–20]. In addition, it is associated
with increased probability of dropping out of school
[21]. It is therefore important to identify factors that can
impair attention. Some previous studies have investi-
gated whether traffic noise and inattention are associ-
ated. Traffic noise at school has been found to affect
attention measured by both neuropsychological tests
[15] and teacher observations [22].
Most studies on noise exposure and children’s cogni-
tion have focused noise exposure at school, particularly
noise from aircraft. Only a few studies have examined
the possible impact of road traffic noise at home on chil-
dren’s cognition. There are different exposure windows
in which road traffic noise might impact on inattention,
including short-term, long-term or pregnancy periods.
First, the effect of road traffic noise might be short-term
or instantaneous, for example through its impact on last
night’s sleep or by direct interference with communica-
tion, increased arousal and annoyance, [3, 23]. The lim-
ited literature that exists on noise and children’s sleep
suggests a link between increased road traffic noise and
sleep disturbances, such as sleep duration, sleep quality
and daytime sleepiness [12–14]. Sleep reinvigorates and
is important for being alert [24], and impaired sleep has
been associated with both behavioral reports and neuro-
psychological tests of inattention [25–27], although
some studies have found no associations [28]. Impaired
sleep is also found more often in children with attention
deficit/hyperactivity disorder (ADHD), compared to chil-
dren without ADHD [29]. Studies have indicated that
interventions to improve sleep reduce attention deficit
symptoms in children with ADHD [30, 31].
Second, long-term impaired sleep causes neuronal
loss, impaired brain development and failure to ad-
equately develop coping skills [32, 33], making a longer
noise exposure window relevant. In addition, noise ex-
posure and annoyance may cause stress, and it is known
that long-term stress in children is associated with sev-
eral negative health effects, such as impaired brain
development and impaired immune system functioning
[34, 35]. Among the few studies that have looked at resi-
dential noise exposure and inattention, associations have
been found with both short-term and long-term noise
exposure windows [8, 12]. However, we have only found
one study that have investigated whether sleep is a medi-
ating factor in this association: Stansfeld et al. [36] found
no mediation by sleep in the association between ex-
posure to aircraft noise and cognitive performance in
9–11 year-old children.
Third, road traffic noise can increase stress [37]. Stud-
ies have indicated that maternal stress during pregnancy
can impact on children’s development [38]. Thus, road
traffic noise during pregnancy is also an exposure win-
dow of interest, although the only previous study that
has investigated pregnancy noise exposure found no as-
sociation with behavior reports at age 7 years [8].
In sum, only a few studies have looked into the associ-
ation between road traffic noise and inattention, and
especially studies including residential road traffic noise
exposure are lacking. The present study investigated
whether road traffic noise was associated with parental-
reported inattention in 8-year olds, and whether sleep
duration was a mediating factor in this association. We
hypothesized that increased road traffic noise level
would be associated with increased rating of inattention
for all exposure windows, and that this association
would be mediated by sleep duration.
Methods
Study sample
The study used questionnaire data from the Norwegian
Mother and Child Cohort Study, MoBa [39]. MoBa is
conducted by the Norwegian Institute of Public Health.
It has recruited more than 95,200 women from all over
Norway between 1999 and 2008, and 40.6% consented
to participate. It includes more than 114,500 pregnancies
with biological data and questionnaire data. Mothers
received invitations by mail, along with appointments
for ultrasound scanning in week 17 or 18 of pregnancy.
No exclusion criteria were used in the main study. Three
questionnaires were mailed to the mothers during preg-
nancy, and when the children were 6, 18 and 36 months,
and 5, 7 and 8 years. The cohort is described in more
detail elsewhere [39].
MoBa participants with residential address in Oslo
were selected because of the availability of noise expos-
ure estimations for this city. All children were born be-
tween 2004 and 2007. From an initial sample of 14,032
MoBa participants who at some point had been regis-
tered with an Oslo address, we excluded the following:
multiple births, births not registered as live birth, all but
the oldest participating child of each mother (to avoid
multiple dependent observations), and children lacking
questionnaire information at age 8. A total of 3396 chil-
dren met the inclusion criteria. Further, children were
excluded if they had lived less than 180 days at the
present address (and therefore may not yet had
“returned to normal” after the possible stressful life-
changing event of moving to a new place), or had miss-
ing values on either road traffic noise, sleep duration or
any other covariates (see Fig. 1). Two study samples
were used: The first sample (pregnancy sample) was
constructed to examine noise exposure during preg-
nancy (n = 1934). The second sample (Postnatal sample)
was constructed to examine averaged noise exposure
over five-years and noise exposure at age 8 (n = 1384).
There was an overlap between the two samples, with
1029 children present in both. Some children moved out
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of Oslo before they reached the age of 8 years, and thus
were part of the pregnancy sample, but not the postnatal
sample. Similarly, some children moved to Oslo after
birth, and thus were part of the postnatal sample, but
not the pregnancy sample. Another reason why some
children were in only one of the samples, was lack of co-
variate information or children having dropped out of
MoBa before age 8.
The analyses are based on MoBa version 9 of the
quality-assured data files.
Noise exposure
Estimations of road and rail traffic noise exposure were
conducted by the Agency for Urban Environment, the
City of Oslo, in accordance with the Environmental
Noise Directive (END) [40]. Noise exposure was mod-
eled using the Nordic Prediction Method [41–43] and
the software program CadnaA version 4.3 (DataKustik,
GmbH, Germany) [44]. A geographic information sys-
tem (GIS) approach was used to geocode all the chil-
dren’s residential addresses as well as the mothers
address during pregnancy. Grid predictions of 5 × 5 m2
at 4 m height were used to assign noise level to the geo-
coded addresses. The A-weighted day (07.00–19.00)-
evening (19.00–23.00)- and night-time (23.00–07.00)
equivalent noise level, Lden, based on annual average
daily traffic (AADT) with diurnal distribution, was
employed. Lden adds a penalty of 5 dB for the evening
and 10 dB for the night. The Lden was estimated for the
most exposed façade of each child’s residence as well as
for the mothers’ residence during pregnancy. Noise ex-
posure from road traffic and rail traffic in the pregnancy
sample covered the whole pregnancy period (the exact
number of days). In the postnatal sample two exposure
windows were employed. The first was road traffic noise
exposure at the time of completion of the eight-year
questionnaire, Lden for the present address and year. The
second was the averaged road traffic noise exposure dur-
ing the five last years before completion of the eight-
year questionnaire (1825 days back from the date of
completion). The five-year period took into account all
addresses occupied during these periods.
Road traffic noise was included in the analyses as con-
tinuous variables, whereas rail traffic noise was catego-
rized as unexposed, exposed to less than or equal to Lden
30 dB, or exposed to more than Lden 30 dB. Children and
mothers categorized as unexposed to rail traffic noise had
residential address outside a radius of 700 m from a rail-
way line and 300 m for trams and metros, since outside
these radii, the rail traffic noise is either nonexistent or is
so low that it is masked by other noise sources. The noise
exposure assessment was based on input data for the years
2011 and 2006 and included data on topography, building
polygons, traffic counts (but estimations for smaller roads
without counts), estimated values for 24 h traffic distribu-
tion (75% day, 15% evening and 10% night for highways,
and 65%, 20% and 15% for municipal roads), signed speed,
information on noise barriers, and ground surface (hard
or soft). The search radius of 1000 m was used for high-
ways, and 500 m for municipal roads. Residential exposure
to rail traffic noise was modeled separately and in a similar
way as road traffic noise. For rail traffic, rail time tables
were used to obtain information on traffic volume and
diurnal distribution of traffic.
Fig. 1 Flow chart of the postnatal (left) and pregnancy (right) study sample selection
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Inattention
Information on inattention was obtained from the 8-year
MoBa questionnaire. Mothers were asked to rate their
child on nine different inattention items, as part of the
Rating Scale for Disruptive Behavior Disorders (RSDBD)
[45], corresponding to the nine inattention items of the
attention deficit/hyperactivity disorder criteria found in
the fourth edition of the Diagnostic and Statistical Man-
ual of Mental Disorders (DSM-IV) [46]. Questions were
asked to measure if the child was easily distracted, paid
attention to details, could maintain focus over time,
often forgot things, disliked activities that demanded at-
tention, had difficulties organizing activities, and so on.
Each item was given a score of 0–3 (“never” – “very
often”), and a sum score was made (ranging from 0 to
27). The sum score was then made into a fraction by
dividing by 27. Cronbach’s Alpha was the same in the
pregnancy and postnatal samples: .86.
Sleep
In the MoBa 8-year-questionnaire, mothers were asked:
“Approximately how many hours of sleep per night does
your child usually obtain on weekdays?”, with five differ-
ent response categories: 8 h or less, 9 h, 10 h, 11 h, and
12 h or more. The variable was recoded into three cat-
egories: less than 10 h, 10 h, or more than 10 h. Sleep
duration was used to assess possible mediation effects.
Covariates
Covariate information was obtained from the MoBa 8-
year questionnaire, the Medical Birth Registry of Norway
(MBRN) and Statistics Norway (SSB). Covariates were
selected using Directed Acyclic Graphs [35]. DAG is a
tool used for covariate selection to minimize the magni-
tude of bias [47, 48]. Two different DAGs were devel-
oped after an extensive literature review, suggesting the
covariates’ associations with exposure and outcome. One
DAG was made for the analyses with pregnancy noise,
and a second was made for the analyses with postnatal
noise (see Additional files 1 and 2 in supplementary ma-
terial). Based on the DAGs, minimal adjustment sets
(the minimal selection of variables to be adjusted for in
order to avoid a biased result) were suggested using the
web based software program dagitty.net [49].
The minimal adjustment set from the DAG for the
postnatal sample included gross household income (con-
tinuous; postnatal sample: at age 8 years and five-year
average) and urbanity (at age 8/five-year average; indicat-
ing proximity to city center). An additional set of covari-
ates was considered important to include in the full
model because of their well-established association with
exposure and outcome, and because they were well mea-
sured (few missing values, registry based, etc.). This
would increase the chances that potential confounders
were included (it is unlikely that the inclusion of only
two covariates will account for all confounding). The
additional covariates included maternal education (more
than 4 years of university/college; less than 4 years of
university/college, but more than high school; maximum
high school), ethnicity, maternal alcohol consumption
during pregnancy (consumed alcohol once a week or
more during either of the trimesters), maternal smoking
during pregnancy (smoked sometimes or daily during
the last trimester), prematurity (gestational length of
<259 or > = 259 days) and birth weight (> = vs < 2500 g).
Gender and age (months) were also included in the
model. Rail traffic noise was categorized as 0 dB, 0–
30 dB, or above 30 dB. Air pollution was represented by
three components: NO2, NOx and PM2.5. Air pollution
estimates were based on Land Use Regression models
generated as part of the ESCAPE and HELIX projects,
and are described in more detail elsewhere [50–52]. Ex-
posure windows for the air pollution covariates were the
same as for noise. In addition, air pollution during preg-
nancy was included in the analyses on the postnatal
sample. The minimal adjustment set from the DAG for
the pregnancy sample included the same covariates as
listed above, but covering the pregnancy period only. In
both samples, inclusion of rail traffic noise and air pollu-
tion was limited to sensitivity analyses. More details on
covariates are included in Table 1.
Statistical analyses
Fractional logit response models [54] were used, since
they are shown to be advantageous compared to more
traditional linear estimation methods for bounded vari-
ables [55]. A crude model (containing road traffic noise,
gender and age), a minimal adjustment set model (add-
ing household income and urbanity), and a full model
(further adding maternal education, ethnicity, maternal
alcohol consumption and smoking during pregnancy,
low birth weight and prematurity) were fitted. The
modifying effects of gender, income and education were
explored, since there is some indication that road traffic
noise can affect boys and girls differently [13], and that
parents tend to report more inattentive behaviors for
boys than girls [56]. Furthermore, children of low socio-
economic status (SES) tend to be exposed to road traffic
noise to a greater extent than children from high-SES
families [2], and children from relatively high SES groups
appear less sensitive to the effect of sleep curtailment on
cognitive performance than children from low SES
groups [57] The interaction terms were tested with a
Wald test, using a significance level of .10 [58, 59]. If sig-
nificant, analyses were stratified by gender, income or
education. To assess whether postnatal noise exposure
was more strongly related to inattention than pregnancy
noise exposure, or whether the opposite was true,
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models including both pregnancy and postnatal noise
were fitted.
Children of parents who live apart tend to split time
between households, but only information on mothers
address was available. To address this potential problem,
we ran a sensitivity analysis were only children living
with both parents were included. We also did sensitivity
analyses where we excluded children who, according to
the mothers, had been referred to a physician or psych-
ologist due to attentional problems (to account for pos-
sible diagnosis of ADHD). Further analyses compared
estimates for road traffic noise with and without rail
traffic noise included, with and without air pollution,
and with and without children born preterm or with a
birth weight of less than 2500 g. In only a few cases, not
all the items were filled out. For these children, the sum
score was divided by the maximum attainable score of
those items completed (i.e., 7 completed items would
have given a maximum score of 21). These incomplete
cases were included in sensitivity analyses.
Adjusted marginal predictions were calculated to aid
interpretation of the results. In the analyses stratified on
education, fitted values were predicted for different noise
categories in each of the education categories, since
average marginal predictions were not estimable.
One of the aims was to examine whether sleep dur-
ation was a mediator in the noise and inattention associ-
ation. For a mediation analysis to be done, three criteria
need to be fulfilled: There must be an association be-
tween the exposure and outcome, and between the ex-
posure and the mediating variable. In addition, the
mediation variable must be a statistically significant pre-
dictor of the outcome variable in an analysis includ-
ing both the exposure and the mediating variable [60,
61]. Thus, ordered logistic regression analyses were
run to check the association between road traffic
noise and sleep duration at age 8 years. A heterosce-
dastic ordered logistic regression model [62] was
used, due to heteroscedasticity caused by the ethnicity
covariate. Sleep duration was included as a covariate
in the fractional response models with road traffic
noise as independent variable an inattention as
outcome.
Chi-square analyses and ANOVAs were performed to
examine whether the pregnancy and postnatal study
samples differed on important covariates from other
non-participating MoBa children. The covariates
compared included road traffic noise, gender, ethnicity,
household income, maternal education, maternal smok-
ing and drinking during pregnancy, and prematurity and
low birth weight. Information on the covariates used in
these chi-square and ANOVA analyses were obtained
from SSB, the MBRN and Health and Welfare Agency,
City of Oslo, and was available for all the children, re-
gardless of whether the 8-year questionnaire was com-
pleted or not. In order to assess whether results were
affected by selection due to loss of participants in MoBa
with time, the models were also run using inverse prob-
ability weighting (ipw).
All analyses were done in Stata version 14.0 (StataCorp,
TX, USA) [63].
Results
In both samples, there was a decrease in household in-
come with increasing road traffic noise. Apart from
these differences, no clear patterns were seen for differ-
ent categories of road traffic noise (see Table 1). The
average road traffic noise level during pregnancy was
Lden 55.8 dB (SD = 8.3). The average five-year average
noise level was Lden 54.1 dB (SD = 7.4), and the average
level at age 8 was Lden 53.1 (SD = 7.8). The correlation
between five-year noise and noise at age 8 was high (r
= .90), whereas pregnancy noise was lower correlated
with five-year noise (r = .50) and noise at age 8 (r = .39).
Correlations between noise and air pollution were in the
range between .24 and .45 (see Table 2).
The average rail traffic noise level among those
exposed, was Lden 41.7 dB in the pregnancy sample (n =
1013, SD = 13.1). In the pregnancy sample, five-year rail
traffic noise level among those exposed, was Lden
39.4 dB (n = 855, SD = 11.4), and rail traffic noise at age
8 was Lden 39.3 dB (n = 739, SD = 11.0). Of all mothers
who answered the inattention questions, 98.5 in the
pregnancy sample and 98.7% in the postnatal sample
responded to all items. The mean inattention score was
.19 (SD = .15) in both the postnatal sample and the preg-
nancy sample. The median was .15 in both samples, and
the range 0 to 1. Higher scores were reported for boys
than girls (.22 [SD = .16] vs .16 [SD = .13]).
To elucidate potential bias, comparisons between
study samples and non-participants were done on sev-
eral variables. Both study samples had lower road traffic
noise exposures, higher maternal education, and higher
percentage of children of western origin. Compared to
Table 2 Pearson correlations between road traffic noise and air pollution
NO2 pregn NOX pregn PM2.5 pregn NO2 5-y NOX 5-y PM2.5 5-y NO2 age 8 NOX age 8 PM2.5 age 8
Pregnancy noise .43 .45 .44
5-y average noise .27 .24 .29 .33 .34 .39
Noise at age 8 .30 .29 .28 .36 .36 .41
Weyde et al. Environmental Health  (2017) 16:127 Page 6 of 14
non-participants, the postnatal sample had higher
household income and a higher percentage of mothers
who reported drinking alcohol during pregnancy. Other-
wise, the study samples did not differ from non-
participants (see Table 3).
No association was found between pregnancy road
traffic noise and inattention at age 8 years for the full
pregnancy sample (coef = .0042, CI = [−.0013, .0096]; see
Fig. 2 and Table 4).
There was a statistically significant effect modification
by gender (p = .05). Stratifying by gender revealed an as-
sociation between road traffic noise and inattention for
boys (n = 957, coef = .0091, CI = [.0010, .0171], with mar-
ginal predictions of .184 at Lden 40 dB and .212 at Lden
60 dB, corresponding to an inattention score of 5.0 and
5.7, respectively), but not girls (n = 977, coef = −.0021,
CI = [−.0094, .0053]). There was also a statistically sig-
nificant effect modification by income (p = .03). Stratify-
ing by income, a positive tendency was found between
noise and inattention for all levels of income, with the
strongest tendency for the highest level (see Table 4).
Marginal predictions for the lowest income categories
were, for Lden 45 dB, 55 dB, and 65 dB: .19 (CI = [.17,
.21]), .20 (CI = [.19, .21]), and .21 (CI = [.19, .23]). For the
middle income category, marginal predictions were: .18
(CI = [.17, .20]), .18 (CI = [.17, .19]), and .19 (CI = [.17,
.20]); and for the highest income category: .16 (CI = [.14,
.18]), .17 (CI = [.16, .18]), and .18 (CI = [.16, .20]). There
was no effect modification by education (p = .36).
Including rail traffic noise or children with incomplete
inattention score, or excluding children not living with
both parents, excluding children referred to a physician
due to attention problems, excluding premature chil-
dren, or excluding children with a birth weight of less
than 2500 g did not change the estimates much. The ef-
fect estimates were somewhat lowered when including
air pollution covariates. (See Table 4.)
An association was found between road traffic noise ex-
posure at age 8 years and the fractioned inattention score
(coef = .0083, CI = [.0012, .0154]). The average marginal
effects showed that this corresponded to an increase in in-
attention score of about 1.2 percentage points per Lden
10 dB increase in road traffic noise exposure. For example,
at Lden 40 dB, the average inattention fraction was .172,
whereas it was .197 at Lden 60 dB. That corresponded to
17.2 and 19.7% of the maximum inattention score, or an
inattention score of 4.6 and 5.3, respectively. Using the
five-year road traffic noise exposure gave similar noise es-
timates (coef = .0090, CI = [.0016, .0164], with marginal
predictions of .169 at Lden 40 dB and .196 at Lden 60 dB,
corresponding to an inattention score of 4.6 and 5.3, or an
increase of about 1.3 percentage points in inattention
score per 10 dB increase in road traffic noise exposure).
(See Fig. 2 and Table 4.)
There was a statistically significant effect modification
by education in both analysis with noise at age 8 (p
= .06), and analysis with five-year noise (p = .01). When
stratifying by education, positive associations were re-
vealed for both exposure windows between noise and
inattention in children of highly educated mothers. A
similar tendency was seen for the middle education cat-
egory, whereas an opposite tendency was found for chil-
dren of less educated mothers (see Table 4). For children
of less educated mothers, compared to children of more
educated mothers, fitted values were higher for the less
exposed (at Lden < 50 dB: .24 vs .17 for noise at age 8; .25
vs .16 for five-year noise), but similar for the higher ex-
posed (at Lden > =60 dB: .21 vs .21 for noise at age 8; .21
vs .21 for five-year noise). There was no effect modifica-
tion by gender for either noise at age 8 (p = .99) or five-
year noise (p = .93), or by income (noise at age 8: p = .63;
five-year noise: p = .43).
Including rail traffic noise, excluding children not
living with both parents, excluding children referred
to a physician due to attention problems, excluding
premature children, or excluding children with a birth
weight of less than 2500 g did not change the esti-
mates much (see Table 4). The effect estimates were
somewhat lowered when including air pollution covar-
iates (see Table 4).
Including noise at age 8 in the pregnancy main model
reduced estimates for pregnancy noise by 52.4%, whereas
5-year average noise reduced estimates for pregnancy
noise by 73.8%. Including pregnancy noise in the model
with noise at age 8 reduced the effect estimates by 5.6%,
whereas including pregnancy noise in the model with
5-year average noise reduced the estimates by 2.6%
(see Table 5).
Criteria for performing a mediation analysis were not
met with the sleep variable, since road traffic noise was
not associated with sleep duration at age 8. Sleep dur-
ation was associated with inattention, however, with
reduced sleep duration associated with increased in-
attention (results not shown).
Analyses with inverse probability weights (see
Additional file 3: Table S1) gave lower effect estimates
for road traffic noise than the original analyses. In the
ipw analyses on the pregnancy sample, Wald tests of
interaction terms were statistically significant for gender
(p = .07), but not for income (p = .19) and education
(p = .81). In the postnatal sample, Wald tests of inter-
actions revealed similar results to those in the postna-
tal sample for both gender (noise at age 8: p = .84;
five-year noise: p = .90), income (noise at age 8: p
= .61; five-year noise: p = .43) and education (noise at
age 8: p = .03; five-year noise: p = .01).
In sensitivity analyses with ipw, the effect estimates for
road traffic noise were lower, but the pattern of change
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was the same as in the original analyses (see Add-
itional file 3: Table S1).
In analyses with ipw, including pregnancy noise in the
models with noise at age 8 or five-year noise, reduced the
effect estimates for noise by 11.7 and 10.9%, respectively.
Including noise at age 8 or five-year noise in the model
with pregnancy noise, reduced the effect estimates by 36.1
and 66.7%, respectively (see Additional file 3: Table S2).
Discussion
In the present study, inattention at 8 years was associ-
ated with both road traffic noise exposure at 8 years and
five-year noise exposure (from age 3 to 8 years). An
effect modification by education was found, with a posi-
tive effect estimate for children of highly educated
mothers, and a negative effect estimate for children of
less educated mothers. No statistically significant associ-
ation was found between pregnancy noise and inatten-
tion in the full pregnancy sample. However, gender
modified the association, revealing an association for
boys, but not girls. Effect modification was also found
with household income in the original analysis, but not
in the analyses with ipw, questioning this finding. Sleep
duration was associated with inattention, but criteria for
doing mediation analyses were not met, since road traffic
noise was not associated with sleep duration.
The findings of positive associations between postnatal
road traffic noise and inattentiveness, and the lack of as-
sociation between pregnancy noise and inattention in
the full pregnancy sample, are in line with previous stud-
ies [8, 12, 22]. However, the effect modification by gen-
der and education in the inattention study is in contrast
to Hjortebjerg et al. [8], who found no modification. As
seen in the stratified results, children of less educated
mothers scored higher on inattention, as expected.
Previous studies have found beneficial effects of noise on
cognitive performance among children rated by teachers
as being sub-attentive, but impairing effects of noise on
children rated as super-attentive [64, 65]. This could be
one explanation why effects of road traffic noise were
cancelled out, or slightly reversed, in the low education
category. The association with pregnancy noise for boys
aligns with results from previous studies where prenatal
stress affected boys and girls differently, and with previ-
ous reports of ADHD symptoms, where effects are more
pronounced in boys [66, 67]. The analyses with both
pregnancy and postnatal noise exposure included in the
models resulted in large reductions in the pregnancy
noise estimate for the full sample, but almost no reduc-
tion in the postnatal noise estimates, suggesting that
postnatal noise exposure is more closely related to in-
attention at age 8 years. These findings were confirmed
in the ipw analyses.
A difference between our study and those of Hjorteb-
jerg et al. [8] and Tiesler et al. [12], is that those studies
used the Strength and Difficulties Questionnaire (SDQ)
[68] for assessing inattention. The use of different in-
struments may explain the different findings regarding
effect modification.
SDQ has fewer and somewhat different inattention
items compared to the two scales mentioned below.
Forns et al. [22] used teacher ratings based on the
ADHD Rating Scale-IV [69], and the present study used
RSDBD [45]. Arriving at similar conclusions about the
relationship between children’s exposure to road traffic
noise and inattention using different instruments and
different kinds of reporters (mothers and teachers)
strengthens the findings.
Sleep duration was associated with inattention, as
expected. Despite that, criteria for doing mediation ana-
lyses were not met, since road traffic noise was not asso-
ciated with sleep duration. This was a little surprising,
since an association between noise and sleep duration
was found for 7 year-old girls in a recent study, using an
overlapping population to that in the present study [13].
One reason for this discrepancy could be the use of
different covariate information and only half as many
participants (that study had n = 2665). The sleep dur-
ation variable was a relatively crude measure of sleep. It
is possible that we would have found mediation by sleep
duration using a more detailed measure. Other aspects
of sleep might mediate the noise and inattention associ-
ation, such as low sleep efficiency or alterations of sleep
stages.
We did not have the information to examine other sleep
factors in the present study. Our findings are nevertheless
in line with a study by Stansfeld et al. [36] that did not find
any mediation by sleep in the association between aircraft
noise and cognitive performance in 9–11 year-old children.
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Fig. 2 Graphs displaying the relationship between different exposure
windows of road traffic noise and inattention. aAdjusted for: road traffic
noise, age, gender, household income, maternal education, urbanity,
ethnicity, maternal alcohol consumption during pregnancy, maternal
smoking during pregnancy, low birth weight (>=/<2500 g) and
prematurity (>=/<259 days)
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There is a possibility that the observed associations be-
tween road traffic noise and inattention were due to ex-
posure during the wake time, rather than during sleep.
For example, noise might have directly interfered with
communication, caused annoyance, or affected inatten-
tion through other factors [3], that in turn have affected
the observed attentiveness of the child. Unfortunately,
we did not have enough information to explore this
further.
When including air pollution, NO2 and NOX, the
effect estimates for road traffic noise were somewhat de-
creased (see Table 4), suggesting that these air pollution
components to some extent confounded the association
between road traffic noise and inattention. This was a
little different from the findings obtained by Hjortebjerg
et al. [8] and Forns et al. [22], who found no confound-
ing by air pollution. In the other sensitivity analyses, no
big changes in the effect estimates for road traffic noise
were seen when including rail traffic noise or excluding
those referred due to attention problems, or those not
living with both parents. Excluding those who had a
birth weight of less than 2500 g, or those who were
born pre-term, increased the effect estimates for road
traffic noise.
Being born premature or with a low birth weight
showed a tendency towards increased inattention symp-
toms (results not shown). Thus, the explanation regard-
ing the effect modification by education, might also be
used to explain the results of these sensitivity analyses.
The present study has several strengths. First, the study
sample had a large variance in noise exposure, strengthen-
ing the opportunity to detect associations. Modelled noise
exposure was based on all historic addresses occupied by
the children. Also, through sensitivity analyses, accounting
for the fact that some children likely switched between ad-
dresses, since they had parents who lived apart, increased
the precision of the exposure. Second, covariates were
selected with the aid of the DAG framework, reducing the
chances of obtaining a biased result [70]. Several covari-
ates were obtained from the MBRN and SSB, with min-
imal missing data and high accuracy.
The study also has some limitations. First, we did not
have information on road traffic noise exposure at
school, which might have confounded our results. An-
other limitation relates to the use of parental ratings of
inattention. Ideally, these should have been combined
with reports from teachers, but such reports were not
accessible in our study. However, as mentioned, Forns et
al. [22] found associations between road traffic noise and
teacher-reported inattention, indicating that the associ-
ation can be observed through such measurement
models. In addition, an advantage with subjective reports
over neuropsychological tests of attention, is that in-
attention problems are not always detected with tests,
but better observed through actual behavior [26].
Whether people sleep with windows opened or closed,
affects the actual road traffic noise exposure [14], as do
location of bedrooms (towards most or least exposed
façade). For example, the actual noise levels inside the
bedrooms may be more similar between children with
high and low outdoor levels, due to the noise attenu-
ation effect of closed windows. Lack of such detailed
information could increase measurement error and re-
duce the estimates [14, 71].
The differences between the study sample and the
non-study sample were, although statistically signifi-
cantly different on several covariates (see Table 3), gen-
erally small. Income and education differences in the
postnatal sample and education differences in the preg-
nancy sample were greater. However, income and educa-
tion did not change the estimates much when left out of
the models (at most 7%). Still, income at birth, education
and ethnicity were used as predictors of whether or not
children were included in the analyses, and predictions
from those analyses were used to compute inverse prob-
ability weights. The analyses with ipw showed that cau-
tion should be taken when reporting the effect estimates
of the present study, since some influence of selection
bias were indicated. The effect estimates reported in the
original analyses might have been overestimated. Still,
conclusions based on the ipw analyses were the same as
those based on the original analyses.
Table 5 Results of analysis including both postnatal and pregnancy road traffic noisea
Analysis Pregnancy noise Analysis Noise at age 8 5-year average noise
Coeff. (95% CI)Coeff. (95% CI) Coeff. (95% CI)
Mainb (n = 1029): .0042 (−.0030, .0114) Mainb (n = 1029): .0071 (−.0007, .0149) .0078 (−.0004, .0159)
Noise at 8 years as covariate
(n = 1029):
.0020 (−.0055, .0096) Pregnancy noise as covariate,
full (n = 1029):
.0067 (−.0016, .0149) .0076 (−.0013, .0166)
5-year average noise as covariate
(n = 1029):
.0011 (−.0066, .0088)
aPregnancy noise included as a covariate in the postnatal sample analyses, and postnatal noise included in the pregnancy sample analyses
bIncluding only children who are part of both pregnancy and postnatal samples. Covariates included are road traffic noise, age, gender, household income,
maternal education, urbanity, ethnicity, maternal alcohol consumption during pregnancy, maternal smoking during pregnancy, low birth weight (>=/<2500 g) and
prematurity (>=/<259 days)
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In a large Norwegian study cohort with reports from
parents and teachers, lower prevalence of ADHD among
participants than among non-participants was found
[72]. Based on that study, it seems likely that highly in-
attentive children were underrepresented in our study.
Such an underrepresentation might have led to overesti-
mation of effects, as the ipw analyses indicated, possibly
since children high in ADHD symptoms seem to be less
negatively affected by noise [64, 65].
Conclusions
Results indicate that exposure to road traffic noise has a
negative impact on children’s functioning. Future studies
should employ a longitudinal design and further assess the
mediating role of sleep, using several and more detailed
measures of sleep. The findings underline the importance
of protecting children against road traffic noise.
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